Renin is synthesized in the principal cells of the collecting duct (CD) and its production is increased via 35 cAMP in angiotensin (Ang) II-dependent hypertension, despite suppression of juxtaglomerular (JG) 36 renin. Vasopressin, one of the effector hormones of the RAS via the type 2-receptor (V2R), activates 37 cAMP/PKA/CREB pathway and aquaporin-2 expression in principal cells of the CD. Accordingly, we 38 hypothesized that activation of V2R increases renin synthesis via PKA/CREB, independent of Ang II 39 type 1 (AT1) receptor activation in CD cells. Desmopressin M), a selective V2R agonist, 40 increased renin mRNA (∼3 fold) and prorenin (∼1.5 fold) and renin (∼2 fold) in cell lysates and cell 41 culture media in M-1 CD cell line. Co-treatment with DDAVP + H89 (PKA inhibitor) or CREB shRNA 42 prevented this response. H89 also blunted DDAVP-induced CREB phosphorylation and nuclear 43 localization. In 48 hours water deprived (WD) mice, prorenin-renin protein levels were increased in the 44 renal inner medulla (∼1.4 and 1.8 fold). In WD mice treated with an ACE inhibitor plus AT1 receptor 45 blockade, renin mRNA and prorenin protein levels were still higher than controls, while renin protein 46 content was not changed. In M-1 cells, Ang II or DDAVP increased prorenin-renin protein levels; 47
Introduction 57
The renin-angiotensin system (RAS) plays a pivotal role in the regulation of blood pressure (BP) 58 and in the maintenance of body sodium and fluid balance. There is growing evidence demonstrating the 59 presence of the RAS in the tissues of renal and cardiovascular systems (5- the specific V2R agonist desmopressin (DDAVP) and subjected to dietary NaCl restriction, decreased 79 urine osmolality and blunted the DDAVP-induced upregulation and phosphorylation of AQP-2 via PKA 80 (27) . This further supports a role for Ang II in the regulation of AQP-2. Nonetheless, it has not been 81 determined if the V2R regulates CD renin abundance. 82
In the present study, we tested the hypothesis that V2R activation in CD cells stimulates renin 83 synthesis via the PKA/CREB pathway independent of AT1 receptor. We performed in vitro studies 84 using M-1 cells to determine the effects of DDAVP treatment on renin and the signaling pathways 85 involved. To establish in vivo relevance, we evaluated the renin and prorenin responses in renal inner 86 medullary tissues, devoid of renin from JG cells, from mice subjected to 48 hours water deprivation and 87 RAS blockade. 88
89

MATERIALS AND METHODS 90
M-1 cell cultures 91
The M-1 cells were obtained from American Type Culture Collection (Manassas, VA). Cells were 92 harvested after 6 hours of treatments. DDAVP (Cat# 16679-58-6, Sigma-Aldrich Corporation, St. Louis, 93 MO) was tested at doses of 10 with 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA). Negative controls were obtained 152 by omission of the specific primary antibody. NIS Elements analysis software (Nikon Corp) was used to 153 quantify renin-prorenin immunostaining (object count) and nuclei CREB localization based on their 154 DAPI (nuclei) co-localization by measuring merging area of CREB-DAPI in n=6 fields (100X). Results 155 are expressed as percentage of nuclei-CREB co-localization as shown in Figure 3B . 156
157
In vivo treatments, water restriction protocol and animal tissue sampling 158
The institutional committees approved all animal protocols. Male CF-1 mice (Charles River Lab 159
Wilmington, MA, 18-20 g, n=5) were subjected to 48 h-water deprivations or ad libitum tap water 160 supplementation. Another set of animals (n=5) was subjected to a combined treatment with losartan (30 161 mg/kg/d, Cozaar ®) and captopril (40 mg/kg/d; Fisher Scientific, Houston, TX, USA) supplemented in 162 food with free access to water or water restriction for 48 h. To increase plasma osmolality we performed 163 intra-peritoneal injection of 20% mannitol (34) equivalent to ~1.6 g/kg in saline solution in an additional 164 set of mice (n=5). Mice were euthanized after 1 h and prorenin and renin protein abundance was 165 compared to control animals receiving saline injection. Overall, all mice were euthanized using CO2 166 following treatments. Renal tissues were stereo micro-dissected washed in PBS three times and 15 mg of 167 inner medullary tissues devoid of renin from JG cells were used to measure renin mRNA or protein. As 168 previously demonstrated (37), no differences between the amount of prorenin or renin protein levels 169 were found in perfused kidneys versus freshly isolated dissected medullary tissues (data not shown). 170
Immunostaining 171
Renin immunostaining was performed in paraformaldehyde fixed kidney consecutive sections with the 172 peroxidase technique using renin antibody provided by Dr. Tadashi Inagami (Vanderbilt University) as 173 previously described (37). AQP-2 immunostaining was performed with the peroxidase technique using 174 an anti AQP-2 antibody (sc-28829, Santa Cruz, CA). Periodic acid-Schiff (PAS) staining was performed 175 for better characterization of the structures. 176 177
Plasma osmolality measurements 178
Plasma osmolality was measured using a vapor pressure osmometer (Model 5520; Wescor, Logan, UT). 179
Blood samples were centrifuged at 14,000 rpm and 10 microliters were used. Measurements were made 180 from filter disks absorbed with plasma fluid. Appropriate osmometer calibration was verified by 181 measurement of standards before the sampling. 182
183
Statistical Analyses 184
The mRNA measurements were done in triplicates. For Western blot, an average number of 5-6 185 independent observations were performed for each treatment. Data were evaluated by the Grubb test 186 followed by paired and unpaired Student t-test or by one-way ANOVA with Tukey post-test. For mRNA 187 and protein data, control levels were defined as 100%. Significance was defined as P<0. To examine the in vivo effects of V2R activation on renin in the CD from the renal inner medulla, we 250 used 48 hour-water deprived (WD) mice. To avoid contamination of JG renin component, we 251 exclusively used micro-dissected renal inner medullary tissues to measure renin mRNA and prorenin 252 and renin protein abundance. As shown in Figure 6A , renin mRNA levels were augmented in the tissues 253 of WD-mice as compared to controls (300 ± 56 vs. 100 ± 15%, P<0.05). Likewise, the prorenin (165 ± 254 23 vs. 100 ± 13%, P<0.05) and renin (254 ± 18 vs. 100 ± 11%, P<0.05) protein levels ( Figure 6B) were 255 augmented and there was increased specific positive immunostaining in the renal cortical and medullary 256 CD cells (Figure 6C ). To confirm the physiological effect of water deprivation, we performed AQP-2 257 immunostaining in consecutive kidney sections. As expected, water deprivation increased apical AQP-2 258
abundance. To assess the acute AVP effect on CD renin, we used mice subjected to a single intraperitoneal injection 276 of hypertonic mannitol to increase osmotic-mediated vasopressin release. Mice were euthanized after 1 277 hour and medullary tissues and plasma osmolality were analyzed. Plasma osmolality was slightly but 278 significantly increased in mannitol treated group (mannitol: 315 ± 4 vs. control: 298 ± 6 mOsmol/L, 279 Figure 7B , prorenin and renin protein levels were significantly higher than 280 the controls (prorenin: 182 ± 13 vs. 100 ± 15%, P<0.05; renin: 172 ±12 vs. 100 ± 9%, P<0.05). They also demonstrated that the CD is the main source of prorenin in diabetic rats (15). Our data agree 310 with these results; however, we detected the presence of two protein bands (renin and prorenin) in cell 311 lysates and cell culture media of M-1 cells, both augmented by DDAVP and Ang II treatments (Figure  312 4). We previously showed that freshly isolated rat inner medullary CD cells express mainly prorenin and 313 that its protein levels are stimulated by Ang II (12). In the present study using M-1 cells treated with 314
P<0.05, n=5). As shown in
either DDAVP or Ang II we showed increases in prorenin and renin to the same extent, but not in 315 response to a combined treatment, which only caused further increases in prorenin. This suggests that 316 lower concentrations of both hormones may interact in vivo to enhance renin production in the CD. 317
Interestingly, increases in PKA activity were only observed in response to a micromolar dose of 318 DDAVP, consistent with previous reports using cultured rat IMCD cells (9) the losses of these proteins in the urine (11) and may also contribute to increase their catalytic activity to 358 further increase intratubular Ang II generation (11; 13). Importantly, it has been shown that plasma AVP 359 concentrations are increased in some patients with heart failure, despite hyponatremia and low plasma 360 osmolality (45). Thus, the increases in plasma AVP levels may result from the activation of pressure 361 mechanoreceptors due to low cardiac output (18). However, it is likely that the increases in CD renin 362 may help to restore water and salt equilibrium in volume depletion conditions or during low cardiac 363 output through the enhancement of intratubular Ang II formation. 
